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Sigma-phase in the Fe-Re alloy system: experimental and theoretical studies
J. Cieslak,∗ S. M. Dubiel, J. Zukrowski, and J. Tobola
AGH University of Science and Technology, Faculty of Physics and
Applied Computer Science, al. Mickiewicza 30, 30-059 Krakow, Poland
(Dated: November 9, 2018)
X-ray diffraction (XRD) and Mo¨ssbauer spectroscopy techniques combined with theoretical calcu-
lations based on the Korringa-Kohn-Rostoker (KKR) electronic structure calculation method were
used to investigate σ-phase Fe100−xRex alloys (x = 43, 45, 47, 49 and 53). Structural data such as
site occupancies and lattice constants were derived from the XRD patters, while the average isomer
shift and distribution curves of the quadrupole splitting were obtained from the Mo¨ssbauer spectra.
Fe-site charge-densities and the quadrupole splittings were computed with the KKR method for
each lattice site. The calculated quantities combined with the experimentally determined site occu-
pancies were successfully used to decompose the measured Mo¨ssbauer spectra into five components
corresponding to the five sublattices.
PACS numbers: 33.45.+x, 61.43.-j, 71.20.Be, 71.23.-k, 74.20.Pq, 75.50.Bb, 76.80.+y
I. INTRODUCTION
The σ-FeRe is one among about fifty members of this
phase known to exist in binary alloy systems, AB, where
(larger) A is a transition metal element which belongs
to the V-th or VI-th Group and (smaller) B-one to the
VII-th or VIII-th Group of Periodic Table of Elements1,2.
It is also one of five Fe-containing binary σ-phases. Its
occurence in the Fe-Re alloy system was definitely estab-
lished in 19563: the σ-phase was obtained by sintering
elemental iron and rhenium powders, mixed in the pro-
portion 3:2, at 1673 K for 4 hours. The relative concen-
tration of the constituting elements was chosen following
a phase diagram by Eggers in which a phase Fe3Re2 was
indicated4. Its characteristic features viz. hardness and
brittlenes were similiar to those known for σ-phases. As-
pecially hard was the Fe3Re2 in the range of 45-50 at%Re.
Noteworthy, neither systematic studies of σ in the Fe-Re
alloys aimed at establishing borders of its existence nor
at revealing its physical properties were carried out so
far. Among known papers on the issue, one has to men-
tion the ones reporting a successful synthesis of σ by a
isothermal annealing of ingots of Fe55Re45 alloys at 1763
K for 6 hours5,6 as that of Fe53.6Re64.4 at 1603 K for 8
hours7.
Here we report on a successful synthesis of seven sam-
ples of σ-Fe100−xRex alloys with x = 41, 43, 45, 47,
49, 53 and 55, nominally, and on their experimental and
theoretical studies with X-ray diffraction and Mo¨ssbauer
spectroscopy techniques, as well as electronic structure
calculations performed with the charge and spin self-
consistent Korringa-Kohn-Rostoker (KKR) Greens func-
tion method8–10.
II. EXPERIMENTAL
The σ-phase was obtained in the following way: pow-
ders of elemental iron (99.9+ purity) and rhenium (99.99
purity) were mixed in appropriate proportions and mases
of ∼ 2g were next pressed to pallets. The pallets were
subsequently melted in an arc furnace under protec-
tive atmosphere of argon. The ingots were next re-
melted three times to improve their homogeneity. Fi-
nally, they were vacuum annealed at 1800 K for 5 hours
and quenched into liquid nitrogen. The mass loses of
the fabricated σ-FeRe alloys were no more than 0.01%
of their initial values, so it is reasonable to take their
nominal compositions as real ones. The samples were in-
vestigated with two experimental techniques viz. X-ray
diffraction (XRD) and the Mo¨ssbauer spectroscopy (MS).
Measurements of diffraction patters and of Mo¨ssbauer
spectra were carried out on powdered samples at room
temperature (the σ-phase is very brittle, so it could be
easily transformed into powder by attrition in an agate
mortar). From the XRD patters, an example of which is
displayed in Fig. 1, we obtained an evidence that in all
cases, except two border compositions, the transforma-
tion into the σ-phase was 100% successful. In the sample
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FIG. 1: (Online color) Parts of of selected fitted X-ray diffrac-
tograms recorded at 294K on the σ-phase sample of Fe53Re47.
The solid line stays for the best-fit obtained with the proce-
dure described in the text. Peak positions for σ-phase are
indicated, a difference diffractogram is shown, too.
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FIG. 2: (Online color) Dependence of the lattice parameters
a and c as well as c/a ratio for σ-Fe100−xXx (X=Cr, V
11,
Mo12 and Re) versus x, as determined from the X-ray diffrac-
tograms recorded at 294K.
with the highest Re-content (x = 55) the transforma-
tion was not fully complete, so this sample was excluded
from further investigations. On the other hand, the sam-
ple with the highest Fe-content (x = 41) was found to be
fully transforemed and no any traces of other phases were
found. Unfortunatelly, the values of lattice constants as
well as the volume of the unit cell did not stay in line with
the corresponding results for other samples, namely they
are shifted to x = 42.8 so to higher Re concentrations.
These values should be taken as borders of the formation
of the FeRe σ-phase at 1800 K.
III. RESULTS AND DISCUSSION
A. XRD measurements
The powder XRD patterns were collected at RT with
a D5000 Siemens diffractometer (using Cu K-α radia-
tion and a graphite secondary monochromator) within
the 2θ-rande from 10◦ to 140◦ in steps of 0.02◦. Data
were analyzed by the Rietveld method as implemented
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FIG. 3: (Online color) Probability of finding Fe atoms at dif-
ferent lattice sites in the σ-Fe100−xRex compounds, P , versus
Re concentration, x. Solid lines stay for the linear fits to the
data
TABLE I: Atomic crystallographic positions for the five lattice
sites of the Fe-Re σ-phase.
Site Wyckoff index x y z
A 2i 0 0 0
B 4f 0.4016(3) 0.4016(3) 0
C 8i 0.4645(2) 0.1327(4) 0
D 8i’ 0.7422(5) 0.0657(3) 0
E 8j 0.1834(2) 0.1834(2) 0.2497(3)
TABLE II: Lattice constants a and c as measured for all in-
vestigated σ-Fe100−xRex samples.
x a [A˚] c [A˚]
42.8 9.0749(2) 4.7261(1)
43.0 9.0767(1) 4.7276(1)
45.0 9.0895(2) 4.7359(1)
47.0 9.1019(1) 4.7433(1)
49.0 9.1159(1) 4.7538(1)
53.0 9.1438(1) 4.7717(1)
in the FULLPROF program13 to get information on the
crystallographic structure and the sites occupancy. From
22 free parameters used, 6 were related to a background
and line positions, 10 to lattice sites occupancies and
atomic positions, while the remaining 6 to line widths,
lattice constants and Debye-Waller factors. The analy-
sis yielded the lattice constants a and c (Table II, Fig.
2a,b), the atomic positions (Table I), and the lattice sites
occupancies (Fig. 3).
Concerning the atomic positions, they do not depend
on the samples composition within the error limit. They
are also in line with those reported in the literature7.
Both lattice constants show a linear dependence on the
composition viz. they increase with x. Such behavior
is consistent with that found for the σ-phase in other
binary Fe-based alloys, namely Fe-Cr, Fe-V and Fe-Mo,
and it is related to the atomic size of the so-called A ele-
ment (here Cr, V, Mo, Re) which is larger than the size
of Fe atom (1.56 A˚). Also relative values of the lattice
constants reflect the atomic size effect as their relative
ordering follows the atomic size of Cr (1.66 A˚), V(1.71
A˚), Re (1.88 A˚) and Mo (1.90 A˚). A different trend, as il-
lustrated in Fig. 2c, can be seen for the c/a ratio which is
for the σ-FeRe concentration dependent increasing from
0.5207(1) to 0.5219(1). These values can be compared
with 0.5211(1) given by Joubert7. For all other σ-phase
compounds shown in this figure, the ratio either stay con-
stant (Fe-Mo) or linearly decreases with the concentra-
tion of the element A (Cr, V).
Regarding the sites occupancies, all five sites are mixed
i.e. occupied by both types of atoms - see Fig. 3 and Ta-
ble III. However, sites A and D are in majority populated
by Fe atoms, while sites B and C are mostly occupied by
Re atoms. The population of Fe/Re atoms on site E is
rather in balance, yet the probability of finding an Fe
3TABLE III: Fe-occupancies, isomer shift, IS and quadrupole splitting, QS for the σ-Fe53X47 (X=Cr
11,14, V11,15, Mo12 and Re)
Fe-occupancy [%] IS [mm/s] QS [mm/s]
Site V Cr Mo Re V Cr Mo Re V Cr Mo Re
A 93.2 87.8 100.0 91.8 - - - - 0.351 0.342 0.280 0.598
B 18.2 27.2 12.9 13.3 0.341 0.351 0.303 0.260 0.292 0.242 0.404 0.616
C 35.2 40.5 25.5 26.7 0.201 0.216 0.205 0.246 0.282 0.181 0.329 0.587
D 96.3 89.2 100.0 86.2 0.012 0.023 0.023 0.067 0.209 0.210 0.208 0.352
E 34.9 33.5 41.9 56.2 0.115 0.113 0.113 0.141 0.454 0.454 0.464 0.640
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FIG. 4: (a) 57Fe Mo¨ssbauer spectra recorded on a series
of σ-Fe100−xRex samples at 294K and marked with the cor-
responding x-values. The solid lines are the best-fit to the
experimental data. The derived quadrupole splitting distri-
bution curves shown in the same sequence as the spectra, are
indicated in (b).
atom on this site linearly decreases with x from ∼ 60%
for x = 43 to ∼ 50% for x = 53. A similar trend is
observed for the sites B, C and D. An exceptional trend
exhibits the site A for which the occupancy in Fe atoms
slightly increase with x.
It is interesting to compare the sites occupancies in dif-
ferent Fe-X alloy systems. A range of composition where
the σ-phase can be formed is characteristic of the sys-
tem. However, the range of x = 45− 50 is common, so a
comparison of the sites occupancies for a concentration
from that range seems reasonable. Appropriate data for
x = 47 are displayed in Table III. It is evident that the
sites A and D are predominantly (exclusively, for Fe-Mo)
occupied by Fe atoms irrespective of the alloy system.
The lowest population of Fe atoms is typical of the site
B (27%, at maximum). The occupancies of the sites C
and E behave in a way characteristic of the A element:
for Cr the site C is more populated by Fe atoms than the
site E, while for Mo and Re the opposite is true. Finally,
for V the C and E sites host about the same number of
Fe atoms.
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FIG. 5: (Online color) The average isomer shift (relative to
the Co/Rh source), 〈IS〉, versus concentration, x, as mea-
sured (markers) and as calculated (lines) for σ-Fe100−xXx
(X=Cr14, V15, Mo12 and Re).
B. Mo¨ssbauer measurements
57Fe spectra which were recorded at 295 K in a
transmission mode using a standard spectrometer and
a 57Co/Rh source for the gamma rays are presented in
Fig. 4. They are very asymmetric, which was not ob-
served for other σ-phase Fe-X (X=Cr, V, Mo) alloys.
But as in the previous cases, the structure of the spectra
is badly resolved which did not allow to analyze them in
terms of a superposition of subspectra corresponding to
the five sublattices. Instead, they were fitted assuming a
distribution of the quadrupole splitting, QS, and a linear
correlation between QS and the isomer shift, IS16. The
analysis yielded the distribution curves of QS, that are
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FIG. 6: (Online color) Fe-site charge density, ρe, for five crys-
tallographic sites versus NNFe. Solid lines represent average
values of ρe
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FIG. 7: (Online color) Quadrupole splitting, QS, as deter-
mined for each site and Re concentration, x, from the analysis
of the measured spectra with the protocol described in Ref.
14.
displayed in Fig. 4b, as well as the average isomer shifts,
〈IS〉 - see Fig. 5. Concerning the QS-values, it is evident
that their distribution has two maxima: one at about
0.35 mm/s, the other at about 0.75 mm/s. The average
isomer shift does not practically depend on the compo-
sition which means the average Fe-site charge density is
the same in all investigated samples. This is different in
comparison with the σ- phase in Fe-Mo and Fe-V alloys,
where, as indicated in Fig. 5, one observes a weak linear
decrease of 〈IS〉 with the concentration of Mo and V,
respectively12,15.
C. Electronic structure calculations
The electronic structure of the σ-phase can be cal-
culated at the level of particular lattice sites as al-
ready shown for the σ-phase in Fe-X (X=Cr, V, Mo)
alloys12,14,15. In particular, one can calculate QS and
IS- values for each site, and next use them to success-
fully fit the Mo¨ssbauer spectra. In the present case, the
calculations were carried out for 16 unit cells having dif-
ferent configurations of Fe/Re atoms over the five sub-
lattices. The configurations were chosen following two
criteria: (1) the probability of finding Fe/Re atoms on a
given sublattice should be as close as possible to the one
determined experimentally, and (2) each possible config-
uration of atoms with a given number of Fe atoms oc-
cupying the nearest-neighbour position, NN , should be
represented at least once. Charge-densities obtained with
this protocol, ρFe, were expressed in terms of the number
of Fe atoms situated in NN , NNFe, for each of the five
sublattices. Using next a linear relationship between IS
and ρe
17, the calculated ρe-values for each sublattice were
re- calculated into IS-values, and finally into the average
one for each spectrum, 〈IS〉. The calculated potentials
in combination with the experimentally determined site
occupancies were used to determine the QS-values for
each sublattice and composition. The calculations were
done using the extended point-charge model as outlined
elsewhere14,15. The charge-densities obtained with the
above mentioned protocol and method are visualized in
Fig. 6 for each sublattice. As in the case of σ-FeMo12,
the ρe-values are rather NNFe independent which was
not the case for σ in Fe-Cr and Fe-V alloys14,15. Conse-
quently, the average values of the charge-densities, hence
those of the isomer shifts for the given lattice sites were
calculated as an average over all atomic configurations
taken into account in the calculations for that sites. The
〈IS〉-values were calculated as the average over all five
sites and were in a good agreement with those found
from the Mo¨ssbauer spectra fitting (Fig. 5). The data
shown in Fig. 6 give a possibility for making a com-
parison between the charge-densities on particular lat-
tice sites. It is evident that the highest charge-density
have Fe atoms on sites A, followed by those on D, E, C
and B. One can also make a comparison between the cal-
culated site densities for the five sublattices in different
alloy systems we studied so far. The appropriate data,
expressed in terms of the isomer shifts, are displayed in
Table III. The IS-values of particular sites are given rel-
ative to that of the site A which was found to have the
highest charge-density. It is evident that for all stud-
ied alloys that the smallest IS-value, hence the highest
charge-density among the remaining four sites, have Fe
atoms on the site D followed by the sites E, C and B.
The calculated values of the quadrupole splitting, QS,
are shown in Fig. 7. It is clear that the lowest field
gradient was found on the site D, QS = 0.3-0.35 mm/s,
while those on the other four sites are much larger (al-
most by a factor of 2) and close to each other. The
difference between them slightly increases with x. Based
on these calculations one can understand the two-peak
structure of the experimentally obtained QS-distribution
curves (Fig. 4b). A set the QS-values calculated for
the different lattice sites and alloys for x = 0.47 is pre-
sented in Table III. It is clear that the QS-values found
for the Fe-Re samples are meaningfully higher than the
corresponding quantities calculated for the other studied
Fe-X alloys. This observation seems to agree with the
fact that Re atoms have a large atomic size (only Mo
atoms are larger here, but the unit cell of the FeRe σ-
phase is smaller), hence they cause the asymmetric-most
distribution of the charge around the probe Fe atoms.
Noteworthy, the smallest QS-values were calculated for
the site D, and the largest ones for the site E.
D. Mo¨ssbauer spectra analysis
The knowledge of the lattice site occupancies combined
with that of the calculated IS and QS values permitted
to carry out the analysis of the Mo¨ssbauer spectra in
terms of the five sublattices. A successful analysis could
have been done with only five free parameters. Four of
5them viz. background, spectral area, line width (common
for all five subspectra) and the isomer shift of one sub-
spectrum depend on the conditions of the spectra mea-
suremsnts, hence they could not be calculated. The fifth
free parameter was a proportionality constant between
the calculated maximum component of the electric field
gradient, Vzz , in which only the so-called lattice contri-
bution was taken into account, and QS, in which also a
contribution from electrons localized on the probe atom
is included. Two examples of the measured spectra an-
alyzed in this way are presented in Fig. 8 together with
the subspectra belonging to the five sublattices. A very
good agreement between the measured and fitted spectra
was achived.
IV. SUMMARY AND CONCLUSIONS
Six samples of the σ-phase Fe100−xRex alloys (x =
43, 45, 47, 49, 53 and 55) were synthesized and ex-
perimentally investigated using X-ray diffraction and
Mo¨ssbauer spectroscopy techniques, and theoretically
with the electronic structure calculations using Korringa-
Kohn-Rostoker method. XRD yielded information on
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FIG. 8: (Online color) 57Fe-site Mo¨ssbauer spectra recorded
at 294K on two studied samples viz. with (a) x = 45 and
(b) x = 53. The best-fit spectrum and five subspectra are
indicated by solid lines.
site occupancies and lattice constants, MS on the av-
erage isomer shift and a distribution of the quadrupole
splitting. Charge-densities and the quadrupole splittings
were computed with the KKR method. The calculated
quantities combined with the experimentally determined
site occupancies were successfully used to analyze the
measured Mo¨ssbauer spectra.
Based on the results reported in this paper, the follow-
ing conclusions can be made:
• A pure σ-phase in the Fe100−xRex alloy system at
1800K can be formed for x between 43 and 53.
• Its lattice parameters a and c show a linear increase
with x, the c/a ratio also increases.
• The site occupancies are mixed i.e. both Fe and Re
atoms can be found on all five sites. However, the
sites A and D are predominantly occupied by Fe
atoms, while Re atoms are in majority on the sites
C and B. The population of both types of atoms on
the site E is in a fair balance.
• The calculated Fe-site charge-density, ρe, are char-
acteristic of the lattice site, they are rather inde-
pendent of the number of Fe atoms in the first-
neighbor shell, and they increase in the following
order: ρe(A) > ρe(D) > ρe(E) > ρe(C) > ρe(B).
• The average isomer shift, 〈IS〉, derived from the
analysis of the measured spectra is independent of
the alloys composition. This behavior can be ex-
plained by the calculated charge-densities.
• The calculated quadrupole splitting has the lowest
value for the site D, while its values for the other
sites are close to each other and are by a factor
of about two higher. The calculations are in line
with the two-peak structure of the QS-distribution
curves derived from the measured spectra.
• The calculated hyperfine quantities permitted to
successfully decompose the measured spectra into
five components corresponding to particular lattice
sites.
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